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We construct a realistic field-theoretic model for the struc- 
ture of a heavy meson in the heavy quark limit. The model 
is fully covariant and satisfies heavy quark symmetry. The 
Isgur-Wise function, the decay constant, and the axial vec- 
tor coupling constant are studied. This model overcomes the 
limitations caused by non-covariance of the light-front quark 
model, and provides an ideal framework to systematically 
evaluate the heavy quark symmetry breaking effects caused 
by the l/mg correction terms in the heavy quark effective 
theory of quantum chromodynamics. 

PACS numbers: 14.40, 12.38, 12.40.A 

It is well known that in the infinite quark mass limit, 
quark-gluon interaction becomes flavor and spin inde- 
pendent, leading to considerable simplification in the de- 
scription of heavy hadron physics However, even in 
this hypothetical limit, low energy quark-gluon dynam- 
ics is nonpcrturbative, and the problem of calculating 
heavy hadron bound states directly from QCD remains 
unsolved Consequently, in order to quantitatively 
study heavy hadron physics, one still has to model the 
structures of the hadrons phenomenologically. In order 
to study the transition properties of hadrons at arbi- 
trary momentum transfers, it is essential to have a fully 
Lorentz covariant model for the bound state structure of 
hadrons, otherwise one often runs into ambiguities and 
may obtain incorrect results. Unfortunately, none of the 
available quark models meets this requirement. 

Among the various quark models, the light-front quark 
model comes close to being truely relativistic. However, 



the fact that it is not fully covariant 
its its usefulness. In a previous paper | jT, we studied a 
covariant light-front model of heavy mesons, which pro- 
vided a partial solution to the Lorentz covariance prob- 
lem. However, the approach taken there is not system- 
atic, and light-quark currents are not considered. In this 
work, we propose to construct a realistic heavy meson 
bound state in a field theoretic approach, so that covari- 
ance is automatically guaranteed. This model satisfies 
heavy quark symmetry (HQS), and at the same time has 
the simplicity of the quark model picture. Calculations of 
hadronic matrix elements in this model reduce to com- 
puting Feynman diagrams which are finite. With this 
model, we can systematically and quantitatively study 
the HQS breaking effects caused by the 1 / toq correction 
terms in the heavy quark effective theory (HQET) ||] 
of quantum chromodynamics (QCD), which is important 
for a thorough understanding of heavy hadron physics. 



In this letter we will present the basic formalism, and 
study the Isgur-Wise function, the decay constant, and 
the axial vector coupling constant. Furthermore, con- 
nection will be established with our previous work on co- 
variant light-front model ||]. Evaluation of HQS breaking 
effects will however be left to a forthcoming longer paper. 

To begin, we represent a pseudoscalar heavy meson ef- 
fectively by a quantum field operator with the familiar 
free Lagrangian 



(1) 



where mjv/ is the meson mass. In order to be consistent 
with HQET, we remove the heavy quark mass mq from 



£o^ by redefining $ as 



$»(a;), 



(2) 



where v is the velocity of the heavy meson (or its con- 
stituent heavy quark) . In terms of the new field 3>« 
becomes (mg — > oo) 



rM 
'-'0 



C^' = 2$t(^^;• d -A)$,„ 



(3) 



where A = niM — rnq, and d= |(9 — d)- Thus 
corresponds to a particle with mass A. 

The pseudoscalar heavy meson ($„) couples to the 
heavy (ipq) and light (ipq) quarks via 



Cf = -Go'S>.uhyij5F{-iv ■ d)iljq + h.c. 



severely lim- where Go is the coupling constant. 



hy {x) 
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is the familiar reduced heavy quark field operator in 
HQET, and F is a vertex structure function related to 
the heavy meson bound state wave function, on which we 
shall impose the constraint that the heavy meson does 
not decay into Q and q physically. Note that F is inde- 
pendent of the residual momentum of the heavy quark 
so that the heavy quark charge is not spreaded out, oth- 
erwise the Isgur-Wise function will not be properly nor- 
malized. 

To study the compositeness of the the heavy meson, 
we shall assume that, after summing the spin- flavor in- 
dependent part of the interaction between a heavy quark 
and gluons in HQET, the effective coupling between the 
heavy quark and a light quark can be written as 
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-Cf = gQhyi^rJ{-iv ■ d)'ipq ■ f{iv ■ d)^jqij5hy (6) 

in the pseudoscalar channel, where go is the couphng 
constant, and / is a form factor, whose presence is ex- 
pected for an effective interaction resulting from non- 
perturbative QCD dynamics. can be considered as 
a generalized four-fermion coupling model [Q inspired by 
QCD in the heavy quark limit. 

Connection between the meson picture and the quark 
picture is established by demanding that Cf^ and Cf"^ 
give the same heavy-light quark scattering amplitude as 
depicted in Fig. 1. In the meson-quark interaction pic- 
ture, the renormalized scattering amplitude is given by 



F must be the same for pseudoscalar and vector heavy 
mesons. Due to the lack of space, we will skip the details 
here. 

We have now constructed an effective relativistic quan- 
tum field theory for quarks and heavy mesons. The com- 
plete Lagrangian is given by 



C = C 



M 



M 



'-QCD ^HQET' 



(15) 



where the notations are self evident. Within this frame- 
work, hadronic matrix elements are calculated via stan- 
dard Feynman diagrams. The Feynman rules are the 
same as in QCD and HQET, except the meson-quark 
vertex, for which the Feynman rule is 



Am = 



iG'^F{vp)F{vp') 
2(i;-fc- A)-G2n^(w-fc)' 



(7) 



(*uQg)-vcrtcx = -iGF{v ■ p)T 



(16) 



where Ilp{v ■ k) is the meson self-energy from the heavy- 
light quark loop shown in Fig. 1, which has been ex- 
panded around the mass shell v ■ k ~ A: 

Uf{v ■ k) = nj.(A) + n'^(A)(i; • fc - A) + n^(i; • fc), (8) 

and the renormalized quantities are defined by 

1 



A = Ao + |G2nf(A), 



G 



Z3G0, 



^3 = i + 2G'n'^(A). 



(9) 
(10) 
(11) 



The corresponding scattering amplitude in the quark- 
quark interaction picture is. 



where p is the momentum of the light quark, and Tm ~ 
i"fh[—i) for M = pseudoscalar (vector) meson. This 
model is simpler to work with than the ordinary light- 
front quark model, moreover it can be used to calculate 
hadronic form factors at arbitrary momentum transfers. 

In the limit toq — > 00, flavor symmetry is trivially 
satisfied in our model. To demonstrate that spin symme- 
try also holds, we calculate the transition matrix element 
between heavy mesons due to the external heavy quark 
current (see Fig. 2a) 

Jf,{x)^h'^:{x)T^hQ{x), (F^ = 7^ or 7^75), (17) 



{M'Q,^{v')\J,\MQq{v)) = -zG^ j ^,F{v' ■ p)F(v ■ p) 



Tr 



M 



Aqq = go/(« ■ P')f{v ■P) ^_ gpnj(i; ■ k) ' ^^^^ ' [k^v' ■p + ie)(k-v ■p + if){p-^ ^ml+itY 



(18) 



where 11/ is the same as Hp, except that the structure 
function F is replaced by /. If we demand that the in- 
teraction is strong enough to produce a bound state of 
mass A, then Aqq should have a pole at w • fc = A, which 
implies that = 1/11/ (A), and 



where \M{v)) stands for a heavy meson (pseudoscalar or 
vector) state, with the normalization {M{v')\M{v)) = 
{2TTf2v°5'^{Kv'-Kv). By Lorentz covariance. 



A, 



Qq 



-if{v ■ P')f{v ■ p) 



with 



Il'j[K){v k - K) + Wf{v ky 



(13) 



V ■ p — V ■ pv ■ V 
l-{v v'f 



V ■ p — V ■ pv ■ V 
l-{v v'Y 



(19) 



(20) 



where Ilf{v ■ k) has been expanded as in Eq. (||). From 
Eqs. (^ and (p^), it is seen that for Am = Agq, we must 
have F = /, so that 11^ =11/ =11, and 



Moreover, since v ■ e — v' ■ e' = 0, and 1^75 = —75?^, Eq. 
(p8|) can be rewritten as 



G^ = -2/n'(A). 



(14) 



M'Q,q{v')\J,\MQq{v)) 
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Hence the compositeness condition for the heavy meson 
fixes the strength of the (<I'^(35)-coupling vertex through 
Eq. (14). As we shall see later, Eq. ( [T4| ) is related to 
the wave function normalization condition in the light- 
front quark model. The above discussion can be read- 
ily generalized to include heavy vector mesons (<&(?); by 
heavy quark spin symmetry, the vertex structure function 



= ^^(''^ ■ "'^O Tr 
where 

£,{v ■ v')= iG^ 



d'^p 



rM'(i + /)r(i + ^)rM 



F{v' ■ p)F{v p) 



(21) 



{a + b + niq) 



{A — v' ■ p + ie){k — V ■ p + ie) (jp- — + ie) 



(22) 
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is called the Isgur-Wise function. Thus we have proved 
that in the mg oo limit, transitions between heavy 
mesons due to external heavy quark currents are de- 
scribed by only one independent form factor ^{v ■ v'). 

Similarly, the heavy meson self-energy Il(v ■ k) can be 
easily calculated, which in turn yields 



F'^{v ■ p){v ■ P + Vlq) 



(27r)* (A — u • ]3 + ie)2(p2 _ ^2 _|_ 



(23) 



through Eq. ([l4[). Thus we see that when v — v' , — 
1, as required by HQS. 

For the heavy meson decay constant, we calculate the 
Feynman diagram shown in Fig. 2b. The result is 



{Q\ij,V^h'^\MQq[v)) = FMTr 



-r^(i-i-,^)rM 



(24) 



where F,, = 7^ or 7^75, and 

ct^p F{v ■ p)(v ■ p + niq) 



Fm = i2%/3G j 



{^-kY {h. — V ■ p + ie){p'^ — rai -\- ie) 



(25) 



is the decay constant in the heavy quark limit, which 
is the same for pseudoscalar and vector heavy meson. 
Fm is related to the usual meson decay constant /m by 
Fm = y/rnAifM- 

Finally, we consider the axial vector coupling constant 
(g) by evaluating matrix elements of the axial vector cur- 
rent = i^q^^ifi^^ipq- 9 is related through PCAC to 
the strength of interactions between heavy mesons and 
Goldstone bosons (0") g. In Ref. |], we have shown 
how to conform with covariance in calculating ^{v ■ v') 
and Fm in a light-front quark model, however doing the 
same with g, which involves a purely light-quark current, 
remains a problem unsolved. With the field-theoretic ap- 
proach proposed in the present work, Lorentz covariance 
is automatically guaranteed for heavy-quark and light- 
quark currents alike. Hence the axial vector coupling 
constant extracted in this model should be more reliable. 
The calculation is by now straightforward, and the an- 
swer is (see Fig. 2c) 



:7M75rAf'(l + i!)TM 



(26) 



where we have omitted the SU(3) matrix element 
Xm'-^^Xa/i ^-iid the axial vector coupling constant g is 
given by 



9 = 



r d^p 
3 J (27r)4 



F^{vp) 



p^ + Srn^ + QmqV ■ p -f 2(u • pY 
(K — V ■ p + ie){p'^ — -\- je)2 



(27) 



To explicitly evaluate £,(v • v'), Fm, and 5, we need to 
specify the structure function F , which is unfortunately 
not calculable at present. Nevertheless, from the con- 
straints that (1) does not depend on the heavy quark 
momentum and (2) it forbids on-shell dissociation of the 
heavy meson to Qq, a plausible form for F is 



F{v ■ p) = (p{v ■ p){A — V ■ p) , 



(28) 



where the function (p does not have a pole at v ■ p — A. 
The integrations overp" or p^ in Eqs. (p^, ( p3| , (psf), and 
( p7| ) can be easily performed. To facilitate comparison 
with light-front quark model results, we carry out the 
dp^ -integrations, and obtain 



^{v ■ v') = 



dp^d'^p± 



(27r)32p 
■{a + b + niq) 



Lp{v' ■p)(p{v-p) 



(29) 



Fm^2V3gJ^ 



dp^d'^pj_ 



(p{v ■ p){v ■ p + niq), (30) 



G2 
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dp^d^Pi^ 1 d 



-{lP^{v-p) (A-vp) 



(27r)32p+ p+ dp 
■[p^ +3ml + 6mqVp + 2{vpY]}, (31) 



and 



G- 



dp^d^Pi 
(27r)32p- 



■ip^{v ■ p){v -p + niq), 



(32) 



where p+ > and p^ — m?^ . 

It is interesting to observe that, if 



ip[v-p) 



-v-p/u 

y/v ■ p + ruq' 



(33) 



then ^{v ■ v') and Fm are the same as those obtained in 
the covariant light- front quark model and G equals 
the wave function normalization constant. We note that 
g-D-p/cj jg j^g^ ^}jg covariant light- front wave function pro- 
posed in [|| , and the factor y/v ■ p + mq is originated from 
the Melosh transformation. 

However e~^'P is not bounded when p is off the mass 
shell, so that we must use e~'"'^' in a four dimensional 
integral, which, together with the square root sign in 
(^), is repugnant in a field theoretic formalism. Hence 
we will choose instead the more well behaved form. 



if{v-p) = 



V ■ p + ruq — ie 



(34) 



which yields very reasonable results both in the heavy 
quark limit and for l/mg corrections . If we take 
Fm :^ Fb, fs ^ 0.18 GeV [|, and mg = 0.25 GeV, 
then Eq. ( |30| ) gives uj = 0.60 GeV. The resulting Isgur- 
Wise function is almost indistinguishable from that of 
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Ref. ||] . HQET analyses of inclusive semileptonic B and 
D decays find A ~ 0.45 GeV |lO), which implies that 

g = 0.32 (35) 

in the heavy quark limit. Eq. (^5|) is consistent with 
the constraint of go-Dir < 0.7 obtained from Z?*-meson 
decay width ; it also compares well with the QCD sum 
rules results oi g = 0.21 ^ 0.39 0]. Clearly, in order to 
make more precise physical predictions, we must also take 
into account l/mg corrections, which will be treated in 
another publication. 

We have now completed the specification of our field- 
theoretic model for the bound state structure of a heavy 
meson. The heavy meson bound state we have con- 
structed, which obeys HQS, can be considered as one 
due to the lowest order Hamiltonian in the HQET. Hence 
it provides an appropriate basis for studying systemati- 
cally the HQS breaking l/mg effects. For example. Fig. 
3 shows an l/mg correction to the Isgur-Wise function 
^{v ■ v') in this model, which can be easily evaluated. 

In summary, we have developed a realistic field- 
theoretic model for heavy meson as a composite par- 
ticle. Lorentz covariance allows us to extract hadronic 
transition form factors at arbitrary momentum transfers 
without running into ambiguities; hence it overcomes a 
severe drawback caused by non-covariance in the light- 
front quark model. Our model yields physically realistic 
results, and provides an ideal framework in which l/mq 
corrections to HQS can be evaluated quantitatively and 
systematically. Results for l/mg effects and further ex- 
tention of the model will be published elsewhere. 
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Fig. 1 Heavy-light quark scattering in (a)Meson-quark 
coupling picture, and (b) Quark-quark coupling picture. 




Fig. 3 ©(l/mg) correction to Isgur-Wise function. 
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